Abstract: CC Chemokine Receptor 2 (CCR2) is a part of the chemokine receptor family, an important class of therapeutic targets. These class A G-protein coupled receptors (GPCRs) are involved in mammalian signaling pathways and control cell migration toward endogenous CC chemokine ligands. Chemokine receptors and their associated ligands are involved in a wide range of diseases and thus have become important drug targets. Of particular interest is CCR2, which has been implicated in cancer, autoimmunity driven type-1 diabetes, diabetic nephropathy, multiple sclerosis, asthma, atherosclerosis, neuropathic pain, and rheumatoid arthritis. Although promising, CCR2 antagonists have been largely unsuccessful to date. Here, we investigate the effect of an orthosteric and an allosteric antagonist on CCR2 dynamics by coupling long timescale molecular dynamics simulations with Markov-state model theory. We find that the antagonists shift CCR2 into several stable inactive conformations that are distinct from the crystal structure conformation, and that they disrupt a continuous internal water and sodium ion pathway preventing transitions to an active-like state. Several of these stable conformations contain a putative drug binding pocket that may be amenable to targeting with another small molecule antagonist. In the absence of antagonists, the apo dynamics reveal intermediate conformations along the activation pathway that provide insight into the basal dynamics of CCR2, and may also be useful for future drug design.
receptor equilibrium toward inactive conformational states, are desired for treatment of diseases that involve the CCR2/CCL2 axis. Key challenges are to characterize the basal dynamics of CCR2 and to understand how the current small molecule antagonist drugs modulate these dynamics. While crystal structures provide valuable snapshots of proteins and protein complexes, they lack the ability to reveal dynamics at the atomic level. Starting with the newly resolved crystal structure of CCR2 (PDB ID: 5T1A) we performed multi-microsecond all-atom explicitly solvated molecular dynamics (MD) simulations of the receptor in a lipid bilayer in unbound (apo) and dual-antagonist-bound (holo) states (Figure 1 ). The two antagonists were co-crystallized with CCR2: the orthosteric antagonist, BMS-681, 14 and the allosteric antagonist, CCR2-RA- [R] . Each system was simulated in triplicate on the Anton 2 supercomputer 25 for a total of 260 microseconds (SI Table 1 ).
While long timescale simulations are useful for analyzing sequential conformational changes, they are generally still unable to reach timescales of biological interest. 26 One way to bridge this timescale gap is to integrate MD simulations with Markov state model theory [27] [28] [29] [30] [31] [32] (MSM, described in SI Materials and Methods). Interpreting the MD simulations with MSMs allowed us to identify key differences in the conformational ensembles and dominant slow motions of apo and holo CCR2. We find that the antagonists disrupt a continuous internal water and sodium ion pathway preventing transitions to an active-like state, and they shift CCR2 into several stable inactive conformations that are distinct from the crystal structure conformation. Three of these intermediate states reveal a putative druggable pocket that can be targeted with a small molecule inhibitor. In the absence of antagonists, we observe intermediate conformations with active-state conformational signatures that shed light on the apo dynamics of CCR2 and may also be useful for future drug design.
Results and Discussion

Constructing the Markov State Models
To explore the conformational landscape of both apo and holo CCR2 and identify metastable macrostates and the transitions between the macrostates, we built MSMs from MD simulation data. All simulations, barring initial equilibration runs on local resources, were performed on the Anton 2 supercomputer 25 at the Pittsburgh Supercomputing Center. Both the apo and holo systems were simulated in triplicate, with an average of 43 microseconds per simulation (SI Table 1 , Figure S9 ). The systems were initiated from the coordinates of the experimentally determined crystal structure. 14 For the apo system, the co-crystallized orthosteric and allosteric antagonist ligands were removed. In each case the receptor was placed in a POPC lipid bilayer with 0.15M NaCl and solvated with TIP3P molecules.
We used time-structure independent component analysis (tICA) 33, 34 starting with all pairwise inter-residue distances to perform dimensionality reduction and identify the features and collective variables (time-structure based independent components (tICs)) that best represent the dominant slow motions in the apo and holo simulations. These features are the sets of distances between residues in the orthosteric and allosteric ligand-binding pockets ( Figure 1A) [for further details on the methodology, see the SI].
One MSM was built on the apo data and a second MSM was built on the holo data. In each case, we projected the data into tICA space and clustered the trajectory frames using K-means clustering implemented in PyEMMA. 35 After clustering, the two MSMs were built and tested. The selected models are Markovian, as indicated by implied timescale plots ( Figures S1A, S2A) , with a maximized number of conformational states. The Chapman-Kolmogorov test 36 was used to test the consistency between the MSMs and the MD simulations ( Figures S1B, S2B ). The chosen apo MSM has a lag time of 14.4 nanoseconds and 665 clusters; and the chosen holo MSM has a lag time of 48 nanoseconds Figure 1 . MD simulations of CCR2 in a lipid bilayer were performed on two systems: unbound (apo) and dual-antagonist-bound (holo). A) Sets of residue pairs surrounding the two ligand binding pockets were used as inputs for tICA. The protein is shown in white cartoon. Lipids are teal, red, and blue. The orthosteric ligand is shown in blue and the allosteric ligand is shown in orange. The distances between residue pairs are denoted by colored lines. The free energy and HMMs of B) apo and C) holo CCR2, projected here in the first two tICA components. Coarse-grained states are labeled and colored. Higher probability transition pathways are represented by white arrows. and 790 clusters. The MSMs were coarse-grained with PCCA+ to identify metastable states and their representative structures; hidden Markov models (HMMs) were used to identify transitions between those states. The apo MSM is coarse-grained into six macrostates; the holo MSM into seven macrostates ( Figure 1B,C) . Representative structures from each macrostate were determined by taking the centroid of the most populated cluster.
For one MD replicate of the holo system, we observed the orthosteric drug dissociate from the protein. Although there is only one dissociation event, analyzing the conformations before and after ligand dissociation gives us a first glimpse the allosteric effect of the remaining antagonist on the protein dynamics, and provides a starting point for future rounds of adaptive sampling to obtain robust dissociation statistics, which is not pursued here.
The differential dynamics of apo and holo CCR2
The antagonists clearly affect the dynamics and kinetics of CCR2 ( Figure 1B,C) . Apo CCR2 transitions between each macrostate at a similar, relatively quick rate; the slowest rate of transition is In gray is the crystal structure; in green is the active crystal structure of US28; in blue and yellow are transitions, and in magenta is the most dramatic conformation. Each conformation is plotted on the free energy in tICA space in B). C) In holo CCR2, the positioning of the orthosteric ligand and the conformation of TRP 98 2 Figure 1C , transition quickly between each other. The large barriers to transitioning to states DSa, DSb, and SII in the holo MSM suggest that these states are rarer and initially obstructed by the starting conformation of the protein with the antagonists bound.
The motions described by tIC 0 represent the most striking difference between apo and holo dynamics. In the apo MSM, the inter-residue distances most closely correlated with tIC 0 are all a part of the allosteric (G-protein) binding pocket, whereas in the holo MSM, the inter-residue distances most closely correlated with tIC 0 are all a part of the orthosteric (chemokine) binding pocket ( Figure S4 ). tIC 1 in apo CCR2 represents the flipping of TRP 98 2.60 into the orthosteric drug binding site ( Figure  2A ,B, Figure S4C ). In the crystal structure TRP 98 2.60 packs with the tri-substituted cyclohexane of the orthosteric antagonist, BMS-681. 14 Without the presence of this ligand, TRP 98 2.60 assumes three distinct positions as it transitions from the crystal structure conformation to a position where it obstructs the chemokine binding pocket. The TRP 98 2.60 conformation in the cluster at the neutral tIC (boxed in yellow, Figure 2A ,B) most closely resembles the crystal structure conformation. The two other conformations are found at the extreme ends of tIC 1 in densely populated free energy wells. Of these two conformations, State SAI assumes the most drastic conformation and protrudes into the chemokine binding site. In the holo simulations and holo macrostates there is markedly less intrusion into the binding pocket due to the presence of the ligand. tIC 1 in holo CCR2 represents the concerted movement of 5 pairs of residues in the orthosteric ligand binding site during this event of the orthosteric ligand dissociation ( Figure 2 , Figure S4D ). The separation projected in the first two tICs ( Figure 2A ) is clearly divided into clusters of frames that occur before (white clusters), during (grey), and after (black) dissociation. The transition rate between the pre-and post-dissociated clusters is the largest rate in either MSM: 51.90 µs ( Figure 1C ). The residue pairs identified by tICA that contribute to tIC 1 and this ligand dissociation ( Figure 2B ) were confirmed by analyzing the original simulation data. The key changes are the change in distance between TYR 49 1.39 -THR 292 7.40 , TRP 98 2.60 -TYR 120 3.32 , SER 50 1.40 -TYR 259 6.51 , and the chi angle of GLU 291 7.39 . Notably, four of these residues (TYR 49 1.39 , TRP 98 2.60 , TYR 120 3.32 , and THR 292 7.40 ) are not only involved in binding to the co-crystallized orthosteric antagonist BMS-681, but are also critical for CCL2 binding and/or activation of CCR2. 37, 38 In the CCR2 crystal structure, there is a hydrogen bond between TYR 49 1.39 and THR 292 7.40 . The gamma-lactam secondary exocyclic amine of the orthosteric ligand forms a hydrogen bond with the hydroxyl of THR 292 7.40 , and the carbonyl oxygen of the gamma-lactam forms a hydrogen bond with TYR 49 1.39 . During simulation, the distance between TYR 49 1.39 and THR 292 7.40 averages 0.4 nm until 3 µs after the ligand dissociates, when it begins fluctuating between 1.3 nm to 0.3 nm ( Figure S5 ). This suggests that the orthosteric ligand dissociation breaks the hydrogen bond between these key ligand binding residues. This motion is captured in the holo MSM: the separation of the two residues is exemplified between States ISa (pre-dissociation) and DSb (post-dissociation) in Figure S5A ,B. The distance between SER 50 1.40 and TYR 259 6.51 is also a contributor to tIC 1, and shows the same outward movement of helix I. In Figure S5C , we see a slight decrease in distance between the residue pair, followed by the same lag time of 3 µs as discussed above, and finally an increase in distance as the extracellular end of helix I bends away from the helical bundle.
The positioning of the orthosteric ligand and the conformation of TRP 98 2.60 are closely linked ( Figure 2C ). After ligand dissociation, in holo States DSa and DSb (purple and white, respectively), TRP 98 2.60 turns towards helix III, bending slightly inward toward the chemokine binding site. Prior to ligand dissociation, TRP 98 2.60 has two distinct conformations. In the first conformation (States ISb and CIS, black and yellow), the ligand positions itself between helices I and VII, in the same conformation as the crystal structure. TRP 98 2.60 is constrained in a downward position, pointing intracellularly, also resembling the crystal structure conformation. In the second conformation (States ISa and DTS, cyan and grey), TRP 98 2.60 flips up and out of the binding pocket, pointing extracellularly, and the ligand moves between helices I and II. The third conformation of TRP 98 2.60 is found in State SII (red), and is the most prominent position of the residue because it extends deeper into the chemokine binding site toward helix III. In this case, the ligand interacts with helices II, IV, and V, and there are no transitions from this state to a dissociated state.
As in the apo MSM, the absence of the orthosteric ligand causes a shift in the position of TRP 98 2.60 . In the holo simulations shown in Figure S6 , the dissociation event is preceded by a doubling of the distance between TRP 98 2.60 and TYR 120 3.32 , and 3 µs after dissociation the distance returns to its previous 0.4 nm. This increase in distance may be required for the ligand to begin the process of dissociating. Another drastic change during the dissociation event is the switch of GLU 291 7.39 from a constrained chi angle of -50 to -100 degrees to an unconstrained 150 to -150 degrees ( Figure S7 ). After dissociation, this angle more closely resembles the conformation in all apo simulations.
Finally, the faster dominant motions (tIC 2, 3, 4) in the holo MSM consist of rearrangements in the allosteric ligand binding site, perhaps suggesting that an allosteric rearrangement must first happen in order for the orthosteric ligand to dissociate. Further evidence for this is the observed correlated motion of the downward flip of the conserved microswitch residue TYR 305 7.53 in the G-protein binding site with the dissociation of the orthosteric ligand from the chemokine binding site, which is discussed further in the following section.
Simulations reveal a wealth of conformational differences between apo and holo CCR2
Apo and holo CCR2 access unique intermediate states, revealing novel opportunities for rational drug design. The intermediate states of apo CCR2 have conformational signatures found in the activate states of GPCRs, suggesting that these states are on a pathway toward activation. Holo CCR2 diverges from the crystal structure to form distinct intermediate states that expose putative drug binding pockets and reveal the effect of antagonists on receptor dynamics.
We evaluate the metastable states by comparing helical conformational signatures and conserved microswitch residues, including NPxxY (Tyr 305 7.53 ), DRY (Arg 138 3.50 ), Tyr 222 5.58 , the allosteric and orthosteric sets of residues introduced above, and the chemokine and G-protein binding pockets to the inactive crystal structure of CCR2 that we used in this study (PDB ID 5T1A) and the active crystal structure of another class A GPCR, US28 (PDB ID: 4XT3; 30% sequence identity to PDB ID 5T1A). Signatures of an active GPCR state include 1) the inward shift of the intracellular part of helix VII toward the helical bundle 2) the outward shift of the intracellular part of helix VI in concert with helix V, 3) the upward shift and lateral movement of helix III, and 4) the rearrangements of conserved microswitches. 18 According to these metrics, the starting crystal structure of CCR2 is in a particularly inactive conformation, 14 whereas the crystal structure of US28 is in the active conformation.
1) Apo macrostates show an active-like inward shift of the intracellular part of helix VII toward the helical bundle
An active state hallmark that is apparent in all of the apo macrostates is the conformation of helix VII ( Figure 3A) : the intracellular end of helix VII tilts slightly inward toward the center of the helical bundle. More prominently, the extracellular end of helix VII tilts outward, resembling the active conformation of US28. The holo macrostates show the opposite: the intracellular end of helix VII tilts slightly outward and the extracellular end of helix VII tilts inward, remaining in the crystal structure conformation.
2) Holo macrostates, not apo, show an active-like outward shift of the intracellular part of helix VI in concert with helix V
Helix V and VI in the apo macrostates are not in an active conformation. Instead, it is the holo macrostates that have the intracellular end of helix V and VI tilting outward to resemble the active conformation ( Figure 3C,D) , suggesting that neither apo nor holo macrostates are in an exclusively inactive or active conformational state, despite starting from a particularly inactive crystal structure.
3) Apo macrostates show an active-like upward shift and lateral movement of helix III
Apo macrostates also resemble the active conformation by the slight upward shift of helix III; unlike holo macrostates, which remain in a position similar to the inactive crystal structure ( Figure 3B ). In the inactive conformation of GPCRs, Tyr 305 7.53 points towards helices I, II, or VIII (in CCR2, it points toward II), and in the active state Tyr 305 7.53 points toward middle axis of helical bundle. 18 Each apo macrostate shows Tyr 305 7.53 pointing downward into the intracellular (G-protein) binding pocket ( Figure 3F ). This positioning of Tyr 305 7.53 does not match the active conformation in US28, and is also distinct from the inactive crystal structure of CCR2. In six out of the seven the holo macrostates, Tyr 305 7.53 is stabilized in the inactive state. The holo macrostate in which Tyr 305 7.53 is not stabilized in the inactive conformation is accessed after the orthosteric ligand dissociates (State DSb, Figure 1C) ; the allosteric pocket residues rearrange and Tyr 305 7.53 assumes a conformation similar to the apo states. These concerted events may indicate allosteric cross-talk between the chemokine binding site and the G-protein binding site.
b) The microswitch residue Trp 256 6.48 , and the interaction of the DRY motif (Arg 138 3.50 ) with Tyr 222 5.58 Apo and holo macrostates both maintain the same chi angle of the conserved microswitch residue Trp 256 6.48 which describes an active GPCR when it switches from gauche to trans conformation and facilitates the interaction of Tyr 222 5.58 and Tyr 305 7.53 . The interaction of these two tyrosines and Arg 138 3.50 also characterizes an active state GPCR. 39 In the inactive crystal structure of CCR2, Tyr 222 5.58 points toward lipids, sterically blocked by Phe 246 6.38 from interaction with Arg 138 3.50 and Tyr 305 7.53 . 14 In apo macrostates, Tyr 222 5.58 remains pointed toward the lipids, never swiveling around to interact with Arg 138 3.50 or Tyr 305 7.53 as occurs in activated GPCR states ( Figure 3F ). Holo macrostates actually show increased range of motion of Tyr 222 5.58 , diverging from the crystal structure to stabilize in unique intermediate conformations. The steric obstruction from Phe 246 6.38 is alleviated in both apo and holo macrostates, as Phe 246 6.38 swings outward and points toward the lipids. The conformations of these microswitch residues indicate that both apo and holo macrostates are sampling different intermediate conformations.
5) Comparison of binding sites
The effects of the antagonists on the conformational ensemble of CCR2 are evident when comparing the binding sites of the apo and holo macrostates. In the holo macrostates there is a dramatic expansion of the extracellular (chemokine) binding site. This expansion is caused by a pronounced outward tilting of helix VI and slight outward tilting of helix II in the holo macrostates; the apo macrostates show the opposite, with a slight inward tilting of both helices VI and II ( Figure 3C,E) . The intracellular (G-protein) binding site also enlarges in the holo macrostates due to the outward shift of the intracellular ends of helices V and VI, but remains obstructed in all apo and holo states. In the crystal structure, this obstruction occurs by the interaction of Arg 138 3.50 with Asp 137 3.49 and with Thr 77 2.39 . 14 These interactions are maintained throughout all the simulations and the chi angle of Arg 138 3.50 remains constrained despite the slight expansion of the binding site. Interestingly, instead of disrupting these key interactions in the G-protein binding site, the outward movement of the intracellular end of helix VI and the movement of helix V toward helix VI in intermediate states DSb, DTS, and ISa in the holo MSM create a putative druggable site for novel allosteric antagonists (Figure 4 ). Computational solvent fragment mapping 40 further indicates that the pocket is a binding hot spot due to its ability to bind clusters of multiple different drug-like probes ( Figure 4C ). The pocket can be accessed through the lipid bilayer between helices IV and V, or from the G-protein binding site, as a deeper extension of the current allosteric binding site of CCR2-RA-[R], and may be useful for rational drug design or modification of current antagonists.
Overall, holo macrostates show more helical tilting, bending, and binding site expansion, which increases the solvent-accessible surface area (SASA) when compared to the crystal structure and the apo macrostates. However, the apo simulations have greater overall increased motion and residue fluctuation, suggesting that the antagonist ligands dampen the dynamics ( Figure S3 ). 
Antagonists disrupt internal water and sodium ion pathways
Internal water molecules are thought to be an integral part of receptor activation in GPCRs, but the exact mechanism remains unknown. 41 Internal water molecules can strongly influence conformational changes in GPCRs by interfering with hydrogen bonding networks of the receptor's backbone and side chains. Here, we use MD to provide detail about internal waters within CCR2 at an atomic level that is inaccessible to other experimental methods such as X-ray crystallography.
A continuous internal water pathway forms in apo CCR2 (5A). The antagonists in the holo simulations disrupt this water pathway, preventing water molecules from passing all the way through the protein core. Water occupancy per residue was calculated for apo and holo CCR2 ( Figure S8A ). Several of these higher water occupancy residues (e.g. Asp 36 1.26 8.50 ) are located in the core of the protein, along the continuous pathway ( Figure 5A) .
A sodium ion pathway is also disrupted when ligands are bound to CCR2. Sodium ion occupancy per residue was calculated for apo and holo CCR2 ( Figure S8B ). With ligands bound, sodium ions interact with residues only on the extracellular and intracellular ends of the protein, particularly with residues Glu 270 6.62 and His 317 8.55 -Lys 320 8.58 . Without ligands, sodium ions interact dramatically more with residues Asp 88 2.50 , Glu 291 7.39 , and His 297 7.45 , which are in the core of the protein. The interaction of Na + ions and Asp 88 2.50 is thought to be an integral part of receptor activation, 42 suggesting again that the apo systems are accessing conformations along a pathway toward activation. 
Conclusions
To characterize the basal dynamics of CCR2 and understand how small molecule antagonists modulate these dynamics, we used atomic simulations and MSM theory to compare the metastable states accessed by apo or Holo CCR2. Interestingly, several intermediate states reveal a novel putative binding site that could be targeted with small molecule inhibitors. We found that the kinetics, dynamics, and conformational ensembles of the apo and holo systems differ greatly: antagonists dampen CCR2 dynamics, prevent quick transitions between metastable states, and are associated with different key motions and residue rearrangements. Without antagonists, CCR2 is able to access other distinct metastable states that are likely sampling along an activation pathway. These intermediate states not only inform us about the basal dynamics of CCR2, but may also be useful for rational drug design and modification of previously unsuccessful drugs.
Materials and Methods
See the Supporting Information for full Materials and Methods.
System Preparation and Molecular Dynamics Simulations
Two systems were simulated: CCR2 Holo, with both co-crystallized antagonist ligands bound, and CCR2 Apo, without ligands bound. CCR2-RA-[R] and BMS 681 14 were deleted to build the Apo system. Each all-atom system is embedded in a biologically similar POPC bilayer, explicitly solvated with TIP3P, and simulated with 150mM NaCl, at physiological pH, at 310K and 1 bar. The initial coordinates were taken from the experimental crystal structure 14 and simulated for 50ns MD simulations on local resources before simulation on Anton2. The Anton2 simulations were run in the NPT ensemble, using Anton's Berendsen thermostat-barostat, at 310K and 1 bar with a 2-fs time-step and partial mesh Ewald electrostatic approximation. The two systems were simulated for an aggregate total of 260 microseconds.
Building the Markov State Models
PyEMMA 35 was used for feature selection, dimensionality reduction, clustering, MSM building, and MSM analysis. Dimensionality reduction using tICA 33, 34 was performed on all trajectories. The Apo and Holo systems were clustered separately using K-means. MSMs were coarse-grained with PCCA+ and transitions were determined with hidden Markov models (HMMs). The models were selected based on implied timescale plots, Chapman-Kolmogorov tests, and visual inspection. Representative states were selected by identifying the most populated cluster in each metastable state, and using MSMBuilder 43 to find the centroid of that cluster.
Data Availability
All MD simulation data will be available for download.
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